ABSTRACT: In this paper we report the detection and identification of the keto-hydroperoxide (hydroperoxymethyl formate, HPMF, HOOCH 2 OCHO) and other partially oxidized intermediate species arising from the low-temperature (540 K) oxidation of dimethyl ether (DME). These observations were made possible by coupling a jet-stirred reactor with molecular-beam sampling capabilities, operated near atmospheric pressure, to a reflectron time-of-flight mass spectrometer that employs singlephoton ionization via tunable synchrotron-generated vacuumultraviolet radiation. On the basis of experimentally observed ionization thresholds and fragmentation appearance energies, interpreted with the aid of ab initio calculations, we have identified HPMF and its conceivable decomposition products HC(O)O(O)CH (formic acid anhydride), HC(O)OOH (performic acid), and HOC(O)OH (carbonic acid). Other intermediates that were detected and identified include HC(O)OCH 3 (methyl formate), cycl-CH 2 −O−CH 2 −O− (1,3-dioxetane), CH 3 OOH (methyl hydroperoxide), HC(O)OH (formic acid), and H 2 O 2 (hydrogen peroxide). We show that the theoretical characterization of multiple conformeric structures of some intermediates is required when interpreting the experimentally observed ionization thresholds, and a simple method is presented for estimating the importance of multiple conformers at the estimated temperature (∼100 K) of the present molecular beam. We also discuss possible formation pathways of the detected species: for example, supported by potential energy surface calculations, we show that performic acid may be a minor channel of the O 2 + ĊH 2 OCH 2 OOH reaction, resulting from the decomposition of the HOOCH 2 OĊHOOH intermediate, which predominantly leads to the HPMF.
INTRODUCTION
The low-temperature oxidation of dimethyl ether (DME) receives continuous attention in the combustion community and many experimental, theoretical, and modeling studies have been reported. 1−25 The motivation for these efforts has been varied: because innovative engine designs like homogeneous charge compression ignition (HCCI) engines rely on the control of low-temperature ignition timing, 26, 27 it becomes increasingly necessary to explore the low-temperature combustion (LTC) of transportation fuels. DME has been proposed as an alternative and/or additive to conventional diesel fuel, and it is of particular interest because it has a high cetane number (≥55), low soot emission characteristics, and interesting physical−chemical properties (such as a low boiling point, easy liquefaction under pressure, and photochemical inertness). 28−30 Also, it can be massively produced both from biomass and from fossil fuel reforming. DME represents the simplest molecular structure For a better visual description of the oxidation steps of dimethyl ether at low temperatures a schematic diagram is provided in Figure 1 . 
Thus, reaction (R6) provides a source of chain-branching in lowtemperature oxidation (not shown in Figure 1 ). Reaction (R4) is supposed to be more important at temperatures above ∼600 K when the stabilized CH 3 OCH 2 OOṙ adical becomes thermally unstable. At lower temperatures further chain-branching can occur depending on the availability of the ĊH 2 OCH 2 OOH radical, which is expected to have a long lifetime at low temperatures and high pressures. 49 A second O 2 addition then leads to the formation of ȮOCH 2 OCH 2 OOH, which rapidly isomerizes or dissociates (see Figure 1 for Reaction (R9) forms the keto-hydroperoxide HOOCH 2 OCHO (hydroperoxymethyl formate, HPMF), which can decompose to the carbonyl−hydroperoxide radical (ȮCH 2 OCHO) and another OH radical. Consequently, the reactivity of the system increases by providing another possible chain-branching reaction. In fact this kind of chain-branching reaction is thought to dominate in the low-temperature oxidation of many other fuels, 50−52 thus making DME an excellent model system to study low-temperature chemical reaction schemes.
In this study we provide further experimental evidence for the proposed low-temperature oxidation scheme and unprecedentedly detailed information about the intermediate composition during these processes in general. For example, we report the detection and identification of the HPMF, its decomposition products, and many other intermediates including hydroperoxides. The new insights reported herein were made possible through a rigorous combination of ab initio calculations with high-resolution mass-spectrometric data obtained via molecularbeam sampling from a jet-stirred reactor operated close to the atmosheric pressure. Key to the experiments was the use of single-photon ionization by synchrotron-generated tunable vacuum-ultraviolet (VUV) radiation that allowed for identification of the species and their fragments by their characteristic ionization thresholds. The theoretical calculations provided guidance on how to interpret the data, which can be largely influenced by the conformeric composition in the cold molecular beam.
The current qualitative measurements of intermediate species reported in this publication are helpful for the understanding of the low-temperature oxidation processes of transportation fuels in general and of DME in particular. The experimental and theoretical approaches are described in more detail in the following section.
EXPERIMENTAL AND THEORETICAL APPROACHES
2.1. Experiment. Low-temperature oxidation processes are often studied using jet-stirred reactor (JSR) and flow reactor systems. Typically, these studies provide mole fractions of reactants, intermediates, and products measured at the outlet of the reactor as a function of different parameters such as temperature, pressure, residence time, or inlet gas composition, which can then be used to guide the development and to validate combustion chemistry models. 53 For the identification and quantification of the molecular components, the JSR systems are predominantly coupled to gas chromatographs, but cavityringdown spectroscopy, 54−57 infrared spectroscopy, 58 and mass spectrometry 18,59−65 have also been applied to analyze the gas mixture. Especially when combined with molecular-beam sampling, mass spectrometry provides a powerful analytical tool for studying the composition of many gas-phase reaction systems as it allows for simultaneous detection of virtually all species, including radicals, without prior knowledge of their chemical identity. 66, 67 In this study we coupled a jet-stirred reactor, consisting of a fused silica sphere, to a high-resolution time-of-flight molecularbeam mass spectrometer ( Figure 2 ) that relies on tunable synchrotron-generated vacuum-ultraviolet (VUV) radiation for photoionization (PI).
The experiments were performed at Terminal 3 of the Chemical Dynamics Beamline of the Advanced Light Source at the Lawrence Berkeley National Laboratory where we utilized the high flux (10 14 photons/s) and very good energy resolution Figure 2 . Schematic representation of the experimental setup. Shown in the figure is the jet-stirred reactor that is located within an oven, all surrounded by a water-cooled stainless steel chamber. Molecules are sampled from the reactor through a quartz probe, ionized via singlephoton ionization with vacuum-ultraviolet photons, and the respective ions are mass-selected using a reflectron time-of-flight mass spectrometer.
[E/ΔE(fwhm) ∼ 250−400] of the photon beam in the chemically interesting region from 7.4 to 30 eV. 68 One of the key features of this experimental setup is the recording of photoionization efficiency (PIE) curves by scanning the photon energy, which enables the detection of isomer-specific ionization thresholds for a given mass-to-charge (m/z) ratio. An important assumption is that only singly charged ions are formed. Additionally, the molecular-beam sampling capability of the JSR allows for the detection of highly reactive compounds like peroxides.
The volume of the jet-stirred reactor is about 33.5 cm 3
. Gas streams of DME and oxygen (diluted with argon) were guided through two concentric tubes, mixing at their outlets. The mixed gases then entered the reactor through four injectors with exit nozzles located in the center of the JSR. The four nozzles, which each have an inner diameter of about 1 mm, form the stirring jets. The gas flows were regulated by calibrated (against N 2 ) mass flow controllers (MKS) with an error of less than 5%. Appropriate gas correction factors were applied for O 2 , Ar, and DME. The reactor is completely enclosed by an oven that allows for adjusting the temperature over the desired range. The oven and the reactor are surrounded by a water-cooled stainless steel chamber. Exhaust gases are continuously removed to keep the pressure constant. The temperature was measured with a thermocouple (K-type, Thermocoax) within the vicinity of the sampling location.
The reaction gases were sampled out of the reactor and guided into the molecular-beam mass spectrometer through a quartz nozzle with a 40°cone angle and a ∼50 μm orifice diameter at the tip. Details of the MBMS part of the instrument have been described elsewhere. 66, 69 Briefly, the apparatus consists of a twostage differentially pumped vacuum chamber that hosts the ion source of the mass spectrometer. A reduction from nearatmospheric pressure in the reactor to ∼10 −3 mbar in the first pumping stage leads to the formation of a molecular beam and precludes further reactions. The beam then passes through a skimmer into the ionization region of the mass spectrometer held at 10 −6 mbar. A custom-built reflectron time-of-flight system was used that has a sensitivity in the 1 ppm range, a dynamic range of several orders of magnitude, and a mass resolution of m/Δm ∼ 2500. All these properties are required to allow detailed analysis of a complex mixture of oxygenates and hydrocarbons. 69−71 The results shown in this work were taken from a reactor continuously operated at 540 K in the exhaust gas, at a residence time of 5000 ms, and a constant pressure of 976 mbar. The fuelto-oxygen ratio in the unburnt gases corresponded to a stoichiometry of 0.35. Energy-dependent mass spectra were measured in the energy range from 9.5 to 13.5 eV. A typical overview mass spectrum is shown in Figure 3 for the range of m/z = 25−100 u at 11.2 eV.
To interpret such mass spectra in appropriate detail and to assign chemical structures based on observed ionization thresholds and fragments' appearance energies, guidance from theoretical chemistry was needed. The theoretical approaches are described next.
2.2. Theory. Adiabatic ionization energies were calculated at the M06-2X/aug-cc-pVTZ level of theory, which we estimate to have an uncertainty of ±0.2 eV. Many calculations were refined at a higher level of theory, where QCISD(T)/CBS//M06-2X/augcc-pVTZ energies were approximated via QCISD(T)/aug-ccpVTZ + MP2/CBS − MP2/aug-cc-pVTZ (all calculated at the M06-2X/aug-cc-pVTZ geometries), with the complete basis set (CBS) limit estimated using a two-point formula 72 and the augcc-pVTZ and aug-cc-pVQZ basis sets. This level of theory is labeled ∼QCISD(T)/CBS and is very similar to one used previously, 73−76 with an estimated uncertainty of ±0.05 eV. For ionization of doublet species, both singlet and triplet cations were considered, and the adiabatic ionization energy for the lowestenergy cation is reported. The calculated ionization energies are summarized in Table 1 . Some cations optimized to partially dissociated structures (e.g., structures with loose HO 2 or O 2 fragments), and these were considered as potential fragmentation channels.
For most of the species considered here, a single adiabatic ionization energy is reported corresponding to the locally adiabatic ionization energy for the lowest-energy conformer of the neutral species. This conformer was determined by performing several optimizations of the neutral species at the M06-2X/cc-pVDZ level of theory with initial guesses generated on a sparse grid of two or three dihedral angles per torsion. The lowest-energy conformer obtained via these scans was considered exclusively at the higher levels of theory discussed above.
For a few species, a more detailed conformational study was carried out. For these systems, the relevant dihedral angles were sampled uniformly to generate ∼1000 initial guesses from which full-dimensional optimizations were performed. Unique conformers were identified on the basis of their energies, rotational constants, and vibrational frequencies. Locally adiabatic ionization energies were calculated for each conformer. Conformer-dependent adiabatic ionization energies may be defined as the energy difference between the ground vibrational state of some conformer of the neutral species and the ground vibrational state of its corresponding locally adiabatic conformer on the cation surface. The locally adiabatic cation conformer is obtained via optimization from a vertical excitation to the cation surface from the neutral conformer equilibrium geometry. Locally adiabatic ionization energies for different conformers can vary significantly, with differences much greater than the assigned uncertainties in the present theoretical approaches.
The relative population of each conformer in the molecular beam was characterized using the nonseparable and effective harmonic models, which have been described elsewhere in the context of atomic clusters. 77 Briefly, the local partition functions for each unique conformer were evaluated using the harmonic The Journal of Physical Chemistry A Article oscillator and rigid rotor approximations and the local frequencies and rotational constants, with small corrections made for low-frequency vibrational modes. 77 The relative populations of each conformer may be assumed to be proportional to the local partition functions evaluated with a consistent zero of energy. This approach is similar to the lowtemperature limit of more sophisticated methods that have been recently developed for calculating anharmonic partition functions. 78 These results are interpreted to predict a distribution of adiabatic ionization energies given by the locally adiabatic ionization energies of the conformers weighted by their populations. This interpretation implies negligible Franck− Condon factors for excitations to the cation surface with conformational changes other than the locally adiabatic ones, which may be a severe approximation. Furthermore, we have neglected conformer-dependent Franck−Condon factors, and conformer-dependent electronic transition matrix elements, and the method for calculating the populations may include significant uncertainties due to its approximate treatment of anharmonicity. For a complete quantitative analysis of the JSRsampled photoionization efficiency (PIE) curves and to derive individual conformeric contributions, these effects would need to be taken into account. Nonetheless, this simple approach is readily applied to complex systems and includes the major effects of conformational changes on the calculated adiabatic ionization energy. More detailed calculations are beyond the scope of this work. We primarily consider populations evaluated at 100 K, which is an estimated temperature of the sampled beam. The cooling effect could be different on the basis of recent flame experiments, 79 but this would not drastically change the results. We considered a higher temperature of 250 K to demonstrate the sensitivity of the conformer population on temperature.
Detailed conformer studies were carried out for the ketohydroperoxide HPMF (HOOCH 2 OCHO, m/z = 92.011 u) and performic acid [HC(O)OOH, m/z = 62.000 u]. Multiple conformers with non-negligible populations at the temperatures of the sampled beam (∼100 K) were found. We note that the most likely conformers are not necessarily those with the lowest electronic energies, as their relative populations will depend additionally on the local vibrational frequencies and rotational constants. 78 Detailed results for the identification of isomers at m/z = 92 u and 62 u are discussed below.
Fragmentation channel energies were calculated at the levels of theory discussed above for several species, and results relevant to the peak assignments discussed below are summarized in Table  2 . The fragmentation channel energy is defined as the energy difference between the product fragments and the neutral parent species, where both energies are zero-point inclusive and the lowest-energy conformers are considered. Channel energies are associated with experimentally determined appearance energies but may be lower bounds due to the presence of barriers to dissociation on the cation surface and due to competing fragmentation channels. This issue is discussed in detail in section 3.2.
RESULTS AND DISCUSSION
This section is organized as follows: first, we present an overview of the mass-to-charge ratios and their corresponding elemental compositions that will be discussed in this section. Second, we discuss the detection and identification of some intermediates such as CH 2 O, H 2 O 2 , CH 3 OOH, and HC(O)OCH 3 to provide insights into the mass-and energy-resolving capabilities of the experimental system employed in the current work. Third, we provide further insights into the oxidation process by identifying the keto-hydroperoxide HPMF, its fragments, and its conceivable decomposition products.
As discussed above, Figure 3 shows a mass spectrum that was measured at a photon energy of 11.2 eV. It gives a general overview of all mass-to-charge ratios detected during the experiments. In the analysis of such mass spectra, the observed mass-to-charge ratios must be assigned to certain elemental compositions and maybe even structures. Due to the high mass resolution of the reflectron time-of-flight mass spectrometer, the determination of the elemental composition of C/H/O species by their exact mass was possible in the relevant mass range. In this study, species with up to four oxygen atoms were identified and their elemental compositions, namely CH 2 O, H 2 O 2 , C 2 H 6 O, 
c See text for a detailed conformational analysis. Figure 3 .
When probing complex systems, like low-and high-temperature combustion processes, it can be challenging to unambiguously identify the source of the observed signal in the mass spectrum: it could be due to the reactants, intermediates, or products of the combustion process including contributions from their 13 C and 18 O isotopomers or it could be due to fragmentation processes of individual components. 66, 69, 80 By experimentally determining and theoretically calculating the ionization energy (IE) of these species and the appearance energy (AE) of their fragments, we are able to interpret the observed mass spectra in significant detail and assign the constitutional formulas to their isomeric structures. As we discuss below, these newly detected species are expected to be key intermediates in the low-temperature oxidation processes of DME. In other words, our data provide experimental evidence for the validity of the general scheme of the low-temperature oxidation mechanisms of DME. Figure 4 together with the known ionization energies of formaldehyde and hydrogen peroxide. 81 Obviously, the mass peaks can be assigned to due to these chemical structures.
The high mass resolution of the mass spectrometer is evident from the data for the two nominal masses 46 and 48. At mass 46, we observed two peaks when ionizing at 11.7 eV (Figure 5a ). Signal at m/z = 46.042 u can easily be assigned to DME (the fuel). The other peak at m/z = 46.005 u appears above 11.33 eV, as indicated by the recorded PIE curve (Figure 5b ) and can thus be assigned to formic acid [HC(O)OH]. 81 The Criegee intermediate (CH 2 OO), which is postulated to be part of the low-temperature combustion of DME, 10, 14, 17 has the same exact mass as formic acid but was not detected in this experiment (IE = 9.98 eV 82 ) . A possible explanation is that the Criegee intermediate is very reactive and thus could be present only in very low concentrations that might be below the detection limit of the current experiment (ppm range).
The signal at m/z = 48 u also shows two peaks, which are m/z = 48.021 u with an elemental composition of CH 4 O 2 and m/z = 48.046 u that can be assigned to the 18 O isotopomer of the fuel (Figure 6a ). In principle, two isomeric structures are conceivable for CH 4 O 2 , e.g., methanediol (HOCH 2 OH) and methyl hydroperoxide (CH 3 OOH). The ionization threshold for the latter isomer was calculated to be 9.83 eV ( Table 1) . As can be seen from the PIE curve of m/z = 48.021 u (Figure 6b ), the onset of the curve near 9.85(±0.05) eV matches the calculated IE of methyl hydroperoxide (Table 1) accurately and we can thus identify CH 3 OOH on the basis of its ionization energy as an intermediate in the low-temperature DME combustion process. It should be noted that the calculated ionization energy for methanediol lies between 10.33 and 11.00 eV and depends on its conformeric structure. However, because this value is significantly larger than the observed threshold, a more detailed conformer analysis is not provided here.
In general, peroxy radical and hydroperoxide species are expected to be a crucial part of the low-temperature combustion, although not all of them are typically detected in DME oxidation experiments. Current DME models include the CH 3 O 2 radical as a species in its low-temperature oxidation. This radical can undergo a simple H atom addition to form methyl hydroperoxide, which might be detected more efficiently in the experiment due to its higher stability. Note that, according to kinetic models, the CH 3 O 2 radical is formed through the reaction of CH 3 with O 2 . However, in the experiment only a weak CH 3 signal was detected, maybe indicating that CH 3 is not as well detected as in many high-temperature flame studies. 83−85 It is possible that in the current low-temperature experiments CH 3 is mostly captured in the form of CH 3 O 2 whereas in the hightemperature flames the CH 3 + O 2 ⇄ CH 3 O 2 equilibrium strongly favors dissociation back to the reactants.
The resolving power of the VUV radiation enables the detection and identification of isomers. Figure 7 shows the JSRsampled photoionization efficiency curve for m/z = 60.021 u (C 2 H 4 O 2 ). As can be seen, two isomers can be identified on the basis of their characteristic photoionization efficiency curve and ionization thresholds. Apparently, the dominant intermediate at this mass is methyl formate [HC(O)OCH 3 ] and the agreement between the JSR-sampled and its known photoionization efficiency curve is very good. 86 Methyl formate detection has also been reported by Guo et al. 18 and Herrmann et al. 21 According to most models, methyl formate can be formed starting with reaction (R1) forming the CH 3 OCH 2 OȮradical, which can lose OH in a one-step reaction (R12) or by reaction with another RO 2 radical first then followed by a β-scission (R13 3 , a n d cycl-CH 2 −O−CH 2 −O−] are anticipated to be part of the lowtemperature combustion of DME and are widely discussed in the literature. 6, 16, 18, 25 A more detailed discussion will not be provided here. However, their detection and identification can be seen as proof of a successful experiment that allows the separation of isomeric structures and the detection of reactive species. Figure  1) , are also conceivable. HPMF is expected to be present and can be formed through the OH radical loss from the HOO-CH 2 OĊHOOH radical (R9). HPMF is already included in several models for low-temperature DME oxidation; 3, 6, 16, 24, 33, 47, 48 however, until now, its existence has not been clearly proven experimentally.
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The JSR-sampled PIE curve of m/z = 92.011 u is shown in Figure 8 , and an ionization threshold of 9.85(±0.05) eV is visible with a larger increase near 10.0 eV. The calculated ionization energy of the cycl-CH 2 OOCH(OH)O− intermediate of 9.65 eV (theory II) is below the observed threshold, thus indicating that this isomer may not contribute to the observed PIE curve because of a low detection efficiency toward this species or because it is present only in quantities below the detection limit. The theoretical interpretation of the recorded PIE curve required the consideration of multiple conformeric HPMF structures. Fifteen unique conformers were found theoretically for HOOCH 2 OCHO. The lowest-energy conformer features a hydrogen bond completing a seven-membered ring, and it has the lowest calculated adiabatic ionization energy (9.67 eV at the ∼QCISD(T)/CBS level of theory) of the conformers. The remaining conformers have zero-point-inclusive energies within 8 kcal/mol (0.35 eV) of the lowest-energy conformer, with half of the conformers within 3.3 kcal/mol (0.14 eV) of the lowestenergy one. The ionization energies for these 14 higher-energy conformers vary from 9.83 to 10.66 eV. Just seven unique cation conformers were found.
The relative conformer populations were calculated at the estimated temperature of the sampled beam, 100 K, and are shown in Figure 9 . The Supporting Information summarizes the calculations and provides detailed information about the zeropoint-inclusive conformer energies, locally adiabatic ionization energies, and the output from the M06-2X/aug-cc-pVTZ calculations. Even at the low temperature of 100 K, the hydrogen-bonded structure does not have the largest population, and it comprises only 15% of the total conformer population. The hydrogen-bonded conformer has "tighter" low-frequency modes than the other conformers, and the resulting effect on the vibrational partition function lowers its population relative to the other conformers. Three conformers with ionization energies near ∼10.05 eV together make up 35% of the total population, with the remainder of significantly populated conformers appearing near 10.5−10.7 eV. The experimentally observed ionization energy may be assigned a value of 10.05(±0.05) eV, although we note the presence of small amounts of signal starting around 9.85(±0.05) eV. These features are in good agreement with the results presented in Figure 8 , with the exception that the feature predicted at 9.7 eV is not observed experimentally.
The source of this discrepancy is unclear but may be tentatively attributed to three factors. First, the hydrogen-bonded conformer likely has poorer Franck−Condon overlap than the other conformers, and conformer-dependent Franck−Condon factors were not included in the present analysis. This possibility is supported by the significant relaxation of the cation for the hydrogen-bonded conformer relative to the other conformers. The difference between the calculated vertical and adiabatic ionization energies is 1.6 eV for the hydrogen-bonded conformer, whereas this difference is only 1.2 eV for the conformers with adiabatic ionization energies near 10.05 eV. Second, the temperature of the beam is not known precisely, and the relative importance of the hydrogen-bonded conformer decreases with increasing temperature. At 250 K, for example, the population of this conformer is only 4%. Third, uncertainties in the calculated populations in the beam are likely even more significant than the uncertainties estimated above due to the unknown temperature of the molecular beam.
On the basis of this conformer analysis, we may predict the observed ionization energy to have an onset at ∼9. The keto-hydroperoxide can undergo several fragmentation reactions that can lead to further signals in the mass spectrum. To track these fragments, we calculated the appearance energy (AE) of different possible fragments and compared them to the PIE curves of the respective masses. From this investigation, signals of m/z = 91.003 u (C 2 H 3 O 4 ), 64.016 u (CH 4 O 3 ), and 59.013 u (C 2 H 3 O 2 ) were clearly identified as fragments from the ketohydroperoxide. Their respective PIE curves are plotted in Figure  8 together with their calculated AEs. It can be clearly seen that the experimentally determined onsets of these curves are in good agreement with the calculated values.
The fragment assigned to m/z = 91.003 u is formed through an H atom loss after the ionization process. In principle, there are three different H atom positions available for fragmentation. The calculated AE = 10.60 eV for the loss of one of the C-bonded H atoms, forming HOOCH 2 OĊO + , agrees best with the experimental observation of 10.60(±0.05) eV. The fragment with the mass-to-charge ratio of m/z = 59.013 u can be assigned to the loss of the HOO-group forming ĊH 2 OCHO + . The calculated appearance energy of 10.92 eV is slightly above the observed onset of the PIE curve [10.8(±0.05) eV] but still within the combined experimental and theoretical uncertainties. All calculated ionization energies of m/z = 59.013 u species were far off from the experimental observed value (Table 1) . From this observation, we concluded the elimination of HOȮas a fragment from the keto-hydroperoxide ion as the only consequential possibility.
The signal identification of m/z = 64.016 u, which can be assigned to the elemental composition of CH 4 O 3 , is more difficult. The observation of a strong signal on the respective mass was already reported by Wang et al. 24 They assumed this signal to be hydroxymethyl hydroperoxide (HOCH 2 O 2 H, HMHP) or trihydroxymethane [CH(OH) 3 ] and their observed onset of the measured PIE curve is in good agreement with ours [10.15(±0.05) eV]. However, their calculated adiabatic IEs were in the range from 9.77 to 9.94 eV for HMHP as well as about 11 eV for trihydroxymethane, which are in good agreement with our calculations (Table 1) but do not comply with the experimental observations. The simplest explanation for the signal on mass 64.016 u would be a CO loss from the formate group of the ketohydroperoxide HPMF due to fragmentation (HOOCH 2 OCHO + → HOOCH 2 OH + + CO), a typical dissociative reaction of a formate ester.
This dissociation involves an H atom transfer and a threecenter transition state. This process therefore has two reaction thresholds, one associated with the energy of the saddle point of the three-center transition state and the other associated with the channel energy of HOOCH 2 OH + + CO. In principle, the appearance of fragmentation may occur at either threshold, or at some intermediate value, where the two thresholds represent the limits where reactive tunneling through the barrier is slow or fast relative to the experimental time scale.
To aid in the assignment of HOOCH 2 OH + as a fragment of HOOCH 2 OCHO + , we considered the reference system methylformate [HC(O)OCH 3 + ], which has the same structural motif and whose fragmentation appearance energies are wellknown. 81, 86 For methylformate, the experimental appearance energy of CH 3 OH + is 11.47(±0.05) eV, 81 which is in closer agreement with the calculated fragmentation channel energy for CH 3 OCHO → CH 3 OH + + CO (11.32 eV) than the calculated three-center saddle point energy (12.72 eV). Both calculated values were obtained at the ∼QCISD(T)/CBS level of theory and include zero point corrections.
On the basis of this analysis, we anticipate the appearance energy for fragmentation of the hydroperoxymethyl formate cation to HOOCH 2 OH + + CO to be associated with its calculated fragmentation channel energy (10.07 eV) and not its calculated saddle point energy (12.01 eV). In addition to the ±0.05 eV uncertainty assigned to the QCISD(T)/CBS method, the present fragmentation energies have an additional uncertainty of +0.1 eV due to the presence of multiple populated conformers of HOOCH 2 OCHO, as discussed above.
The experimentally observed appearance energy of 10.15(±0.05) eV for m/z = 64.013 u is about the same value (0.08 eV) higher than the calculated product channel energy than it was found for methyl formate (0.15 eV). On the basis of this discussion, we assume m/z = 64.013 u to be a fragment from m/z = 92.011 u (−CO).
To summarize, the keto-hydroperoxide HPMF has been detected in the low-temperature oxidation processes for DME, and it was identified on the basis of its ionization threshold and its typical fragmentation pattern. Also, our findings indicate that the usual strategy of considering only the lowest-energy conformer might lead to a significantly different prediction for the observable ionization threshold and thus potentially to erroneous isomeric assignments. In sections 3.3 and 3.4 we provide further evidence for the presence of the keto-hydroperoxide HPMF in the form of intermediates, which potentially are formed via dehydrogenation and/or decomposition of HPMF. In this work, we positively identified FAA at m/z = 74.000 u on the basis of a comparison of the experimentally observed ionization threshold with calculated ionization energies. The JSR-sampled PIE curve for this species is shown in Figure 10 . A threshold near 10.65(±0.05) eV is clearly visible and matches the calculated value (10.67 eV). With respect to the calculations, two different conformeric structures had to be considered, the cisconfiguration with both CO double bonds having the same orientation and the trans-conformer, in which the CO double bonds are facing opposite directions. The latter one is more stable by about 3 kcal/mol. The adiabatic ionization energies calculated for these conformers are 11.12 and 10.67 eV for the trans-and cis-conformer, respectively.
It is important to note that our calculations for the appearance energies and ionization energies indicate that FAA is not a fragment of a dissociative ionization process of HPMF (Table 2) . FAA could be directly formed via reaction (R14) or another possible pathway leading to FAA is the decomposition of the carbonyl−hydroperoxide radical (ȮCH 2 OCHO),
which itself is likely to be a product of reaction (R10 
A doublet signal was observed on mass 62, which could be separated to be CH 2 O 3 (m/z = 62.000 u) and the 18 O isotopologues of C 2 H 2 O 2 species (m/z = 62.010 u), which was discussed above as contributions from the 1,3-dioxetane and methyl formate. The separated signals as well as the PIE curve of m/z = 62.000 u are depicted in Figure 11 . The signal starts increasing around 10.9(±0.05) eV and thus coincides well with the calculated ionization threshold of performic acid. The lowestenergy conformer of performic acid (labeled (Z,Z) in ref 87) features a five-center hydrogen bond and has a calculated adiabatic ionization energy of 10.87 eV. The other stable conformer, (E,E), has no hydrogen bond and has a calculated adiabatic ionization energy that is 0.22 eV lower. At 100 K, the populations of the (Z,Z) and (E,E) conformers are 87% and 13%, respectively.
Several other potential pathways for the formation of performic acid were considered in the literature, although more definitive conclusions would require detailed modeling studies. For example, Curran et al. 6 have included reaction (R16) in their models and, with a subsequent recombination of ȮCHO with OH, performic acid could be formed. However, the authors suggest this recombination to be only a minor channel, as (R16) competes with an internal H atom transfer via a five-center transition state and subsequent dissociatioṅ
In the modeling studies of Curran et al., 6 the isomerization channel (R18) is determined to be the most important.
We calculated ∼QCISD(T)/CBS saddle point energies for (R15), (R16), and (R18) of >35, 19.4, and 12.4 kcal/mol, respectively, where the threshold for (R15) was estimated from partially constrained optimizations. (R18) was found to lead directly to HCO + HC(O)OH products. This finding, as well as the reactive nature of ȮCHO, suggests that decomposition of ȮCH 2 OCHO is not a major formation pathway of performic acid.
T h e O 2 + ĊH 2 O C H 2 O O H r e a c t i o n l e a d s t o ȮOCH 2 OCH 2 OOH (R7), which is thought to undergo an internal H atom transfer (R8). The resulting HOO-CH 2 ȮCHOOH species is typically found to be unstable (or metastable or very weakly bound). The H atom transfer is instead assumed to form OH and HPMF directly (R9), where the loss of the OH radical can be thought of as arising from a β-scission of the transient HOOCH 2 OĊHOOH species. However, we note that there is an additional possible β-scission pathway of HOOCH 2 OĊHOOH, which for the present system leads to the formation of performic acid, i.e., The Journal of Physical Chemistry A Article The potential energy surface associated with (R7) was studied using the M06-2X/aug-cc-pVTZ and ∼QCISD(T)/CBS methods, as summarized in Table 3 . The adduct ȮO-CH 2 OCH 2 OOH can undergo H atom transfer via either a four-or six-center transition state, with energies of +7.4 and −12 kcal/mol, respectively, relative to the energy of the entrance channel (O 2 + ĊH 2 OCH 2 OOH). Intrinsic reaction coordinate calculations using the M06-2X/aug-cc-pVTZ method led directly to the OH + HOOCH 2 OCHO products, supporting the inclusion of (R9) in detailed models. This is in agreement with detailed chemical kinetic studies of the O 2 + QOOH reaction for other fuels. [50] [51] [52] 88 Although (R9) is the dominant pathway, (R19) may be a very minor channel. We were able to find the metastable species HOOCH 2 OĊHOOH at the M06-2X/aug-cc-pVTZ level of theory. Note that this structure is not bound at the B3LYP/augcc-pVTZ level of theory. This metastable species is connected to the (R19) products via a saddle point with an energy below that of the reactants (−8 kcal/mol). We estimate this channel to be ∼1000× slower than OH loss, which is in fair agreement with the observed signal for these products.
At higher photon energies, contributions from the carbonic acid HOC(O)OH became visible in the PIE curve. The observable onset at 11.27(±0.05) eV is in good agreement with our calculated one at 11.29 eV (Figure 12 and Table 1 ). The appearance of carbonic acid might be explained by a decomposition mechanism that was postulated by Korcek and co-workers. 89−93 This mechanism involves the decomposition of the keto-hydroperoxide via a cyclic intermediate forming an acid and another carbonyl species. 94 In the case of DME two decomposition pathways are conceivable (depicted in Figure 1 ), leading to two formic acid molecules or formaldehyde and carbonic acid, respectively. There are several reaction pathways in the low-temperature oxidation of DME forming formic acid and formaldehyde. 6 So, their detection does not allow reliable conclusions of the involvement of the postulated mechanism of Korcek and co-workers in the DME oxidation. However, the appearance of carbonic acid seems to be justifiable by the Korcek mechanism and its detection might be regarded as experimental evidence. Nevertheless, it should be kept in mind that identification and separation of isomeric species, in this case performic and carbonic acid, can be challenging when the isomers' respective photoionization efficiency curves are unknown. 66 ,69,76
CONCLUSIONS
In summary, this paper provides experimental confirmation by detecting and assigning previously unidentified structures formed in the generally accepted oxidation scheme of dimethyl ether at low temperatures. The hydroperoxymethyl formate HOOCH 2 OCHO which is expected to be an important intermediate for chain-branching in the low-temperature combustion of dimethyl ether was experimentally detected by mass spectrometry after molecular-beam sampling from a jetstirred reactor. The experiment employs tunable synchrotrongenerated vacuum-ultraviolet radiation, and the identification of these species was made possible by a comparison of experimentally observed and calculated ionization and fragment appearance energies. We have shown that the photoionization efficiency curves have to be interpreted with caution due to the influence of different conformeric structures contributing to the observed ionization thresholds In future work, attempts will be made to quantify the identified species. Once reliable photoionization cross sections of the detected species become available, absolute mole fractions will be accessible for different temperature and flow conditions. Such data will then provide validation targets for the development of chemical models and will ultimately help to identify the important low-temperature oxidation pathways. 
